Introduction
Quinolinones are naturally occurring compounds; they exhibit a broad spectrum of pharmacological activities which include anticancer [1], antihypertensive [2] , antiviral [2] , and antibiotic [3] http://dx.doi.org/10.1016/j.saa.2014.09.021 1386-1425/Ó 2014 Elsevier B.V. All rights reserved.
activities. Toxicity of quinolinone is known to be low when compared to that of other commonly used antimicrobial agents; hence, quinolinones are considered to be relatively well-tolerated agents [4] . They are potent chemotherapeutic agents and are used for the development of inhibitors for the treatment of a broad range of bacterial infections [5] . Inhibitory activity of quinolinones against cathepsin V, a papain-like cysteine protease has been reported [6] . 2(1H)-Quinolinones have been reported to exhibit the cardiac stimulant activity [7] and methionyl-tRNA synthetase inhibition [8] . Quinolinone derivatives have also been patented for treating schizophrenia and related psychic disorders such as acute mania, bipolar disorder, autistic disorder and depression [9] .
Literature survey reveals that, there are reports on the synthesis of quinolinones, but no structural study of such compounds seems to be present. Detailed knowledge on the molecular structure and spectral behavior of these compounds and their derivatives will aid the understanding of chemical and biological properties. In the present study, we describe the structural, vibrational, NMR and reactivity analyses of the derivatives of quinolinones viz., 2 0 -nitrophenyloctahydroquinolindione (2 0 -NOHQ) and its isomer 3 0 -nitrophenyloctahydroquinolindione (3 0 -NOHQ) through spectral measurements. Theoretical calculations were carried out by density functional theory (B3LYP) method using 6-311++G (d,p) basis set. The calculated results were compared with the observed spectral values and were analyzed in detail. The aim of this work is to explore the molecular dynamics and the structural parameters which govern the chemical behavior, and to compare predictions made from the theory with the experimental observations.
Materials and methods

Synthesis
Occurrence of quinolinone scaffolds in a range of biologically active compounds, natural products and in the designed medicinal agents, necessitate the development of simple and efficient methods for the synthesis of quinolinones and their derivatives. Conventional methods of synthesis include the base-catalyzed Friedlander [10] and acid-catalyzed Knorr reactions [11] . Other reported methods are the Baylis-Hillman reaction [12] , by the reduction of the nitro group into amino group using Zinc-Acetic acid followed by condensation sequence, and transition metal catalyzed cyclocarbonylation of 2-vinylanilines [13] .
Reported methods are not completely satisfactory with regard to the yield, reaction conditions, cost of the reagents, catalysts, and due to involvement of multistep strategies.
Recently, we reported a multi-component synthesis of novel octahydroquinolindiones using ZnO as a readily available, inexpensive and environment friendly catalyst [14] . 2 0 -NOHQ and 3 0 -NOHQ were prepared by this method by refluxing a mixture of 2-nitrobenzaldehyde (1 mmol) or 3-nitrobenzaldehyde (1 mmol), diethyl malonate (1 mmol), ZnO (0.025 g, 7.5 mol%) in water (10 mL) for 30 min; dimedone (1 mmol) and ammonium acetate (2 mmol) were then added to the reaction mixture (Scheme 1) and refluxed for the remaining period (90 min). The crude product obtained was filtered and washed with water; the dry solid residue was treated with dichloromethane and filtered to get ZnO which could be reused. The filtrate was then evaporated to get the desired product, which was subjected to silica gel column chromatography [silica gel G, 100-200 mesh] to get the pure product in 90% yield. The structures of both the products were confirmed by their FT-IR, 1 H NMR, 13 C NMR spectral analyses.
Experimental details
FT-IR spectra were recorded in the range 4000-400 cm À1 on a Bruker Optics Alpha-P FT-IR spectrophotometer with attenuated total reflectance (ATR) module. The FT-Raman spectra were recorded in solid phase on Bruker Optics Multi-RAM FT-Raman spectrophotometer using Nd-YAG laser operating at 1064 nm as an excitation source at the resolution of 4 cm
À1
. 1 H NMR and 13 C NMR spectra were obtained using a Bruker instrument operating at 400 MHz and 100 MHz respectively. Chemical shifts are reported on d(delta) scale using tetra methyl silane as an internal standard and CDCl 3 as solvent. Elemental analysis was carried out using vario MICRO V1.9.7 elemental analyzer. All the reactions were monitored by thin-layer chromatography (TLC). All the chemicals and solvents used were commercial and of analytical grade.
Computational details
Calculations for electronic structure and geometry optimization of the stable isomers of the molecule were done by DFT [15] using the Gaussian 09 program [16] package employing 6-311++G (d,p) basis sets and Becke's three parameter (local, nonlocal, HartreeFock) hybrid exchange functionals with Lee-Yang-Parr correlation functionals (B3LYP) [17] [18] [19] . The absolute Raman intensities and infrared absorption intensities were calculated in the harmonic approximation at the same level of theory as used for the optimized geometries from the derivatives of the dipole moment and polarizability of each normal mode respectively. We have used hybrid DFT B3LYP 6-311++G (d,p) method for vibrational frequency calculations, which is known to be very appropriate; although GGA is found to be accurate method for predicting many material properties including vibrational properties, for example: Sarrio et al. [20] presented a comparative study between different DFT method for vibrational property calculations of triatomic molecules and concluded that GGA is more appropriate method than hybrid functional method, and recently very accurate GGA based calculations by Adjokatse et al. [21] also proved the accuracy of this method in case of polymeric systems.
The normal-mode analysis was employed to calculate PED for each of the internal coordinates using localized symmetry [22, 23] . For this purpose a complete set of 144 internal coordinates was defined using Pulay's recommendations [22, 23] . The vibrational assignments of the normal modes were proposed on the basis of the PED calculations using the program GAR2PED [24] . Raman and IR spectra were simulated using a pure Lorentzian band profile (fwhm = 10 cm calculated forms of the vibrations were done using the CHEM-CRAFT program [25] . Calculated DFT vibrational wave numbers are known to be higher than the experimental wave numbers as the anharmonicity effects are neglected. The vibrational wave numbers were obtained from the DFT calculations using a dual scaling procedure for the fingerprint region (below 1800 cm
À1
) and X-H stretching (above 1800 cm
) regions respectively [26, 27] . Recently, a few good papers using uniform scaling showed very good agreement between calculated and experimental frequencies [28] . In addition to uniform frequency scaling factors, dual scaling factors were determined to improve the agreement between computed and observed frequencies. The dual scaled error distributions are more symmetric, compared with the uniform scaled frequency errors [28] . All the calculated vibrational wavenumbers reported in this study are the scaled values.
Results and discussion
Molecular geometry
The molecular structures of both the isomers belong to C1 point group symmetry. The optimized molecular structures of the isomers were obtained from GAUSSIAN 09 program as shown in Fig. 1 . The minimum energy of the title compound and its isomer was calculated to be À1336.539 by DFT method and À1336.546 by Hartree respectively. The enthalpy difference between these two molecules is 4.393 kcal/mol. Since these energy differences are much larger than kT (at room temperature), there is almost no possibility of coexistence of different molecules at room temperature.
The optimized structures of the 2 0 -NOHQ and 3 0 -NOHQ molecules were compared by superimposing them using a least-square algorithm which minimizes the distances between the corresponding non-hydrogen atoms (Fig. 2) . The agreement between these molecules shows that, the geometry optimization almost reproduces the different conformations (overall average deviation 0.078 Å). The main differences are due to the position of the nitro group in the phenyl ring.
Molecular electrostatic potential
The molecular electrostatic potential (EPS) at a point r in the space around a molecule is (in atomic units):
ZA is the charge on nucleus A, located at RA and q(r 0 ) is the electronic density function for the molecule. The first term in the expression represents the effect of the nuclei; the second represents that of electrons. The two terms have opposite signs and therefore opposite effects. V(r) is their resultant at each point r; it is an indication of the net electrostatic effect produced at the point r by the total charge distribution (electrons + nuclei) of the molecule. EPS serves as a useful quantity to explain hydrogen bonding, reactivity and structure-activity relationship of molecules [29] . Electrostatic potential correlates with dipole moment, electronegativity, partial charges and site of chemical reactivity of the molecule. It provides a visual method to understand the relative polarity of a molecule. While the negative electrostatic potential corresponds to an attraction of the proton by the concentrated electron density in the molecule, the positive electrostatic potential corresponds to repulsion of the proton by atomic nuclei in regions where low electron density exists and the nuclear charge is incompletely shielded. By definition, the electron density isosurface is a surface on which molecule's electron density has a particular value and that encloses a specified fraction of the molecule's electron probability density. Coloring the isosurface with contours shows the electrostatic potential at different points on the electron density isosurface. The electron density isosurface on to which the electrostatic potential surface has been mapped are shown in Figs. 3 and 4 for 2 0 -NOHQ and 3 0 -NOHQ respectively. The different values of the electrostatic potential at the surface are represented by different colors; red represents regions of most negative electrostatic potential, blue represents regions of most positive electrostatic potential and green represents regions of zero potential. Potential increases in the order red < orange < yellow < gre en < blue.
Vibrational analysis
The total number of atoms in the 2 0 -NOHQ molecule is 50 resulting in 144 (3N-6) normal modes. Here, N is the number of atoms in the molecule. The vibrational frequency and potential energy distribution of each normal modes obtained by DFT/ B3LYP methods using 6-311++G (d,p) basis set for 2 0 -NOHQ and its isomer are summarized in Table 1 . The title compound has the molecular formula of C 20 H 22 O 6 N 2 , belongs to C1 point group and has 144 normal modes of fundamental vibrations.
DFT calculations yield Raman scattering amplitudes which cannot be taken directly to be the Raman intensities. The Raman scattering cross section, or j /oX, which are proportional to Raman intensity may be calculated from the Raman scattering amplitude and predicted wavenumbers for each normal mode using the relationship [30, 31] .
where S j and m j are the scattering activities and the predicted wavenumbers, respectively of the jth normal mode, m 0 is the wavenum- 
Vibrational wavenumbers
Comparison of calculated wavenumbers at the B3LYP/6-311++G (d,p) level with experimental values reveals an overestimation of the wavenumber of the vibrational modes due to neglect of anharmonicity present in real system. Since the vibrational wavenumbers obtained from the DFT calculations are higher than the experimental wavenumbers. Figs. 5-8 show a comparison between experimental and calculated Raman and IR spectra for 2 0 -NOHQ and 3 0 -NOHQ.
Ring vibrations
The CAH stretching vibration in ring is usually strong in both the IR and Raman spectra. CAH stretching vibrations of aromatic structures generally occur in the region 3100-2800 cm À1 [32] 
Methyl and methylene group vibrations
Three methyl groups are present in the molecule. Two of them are directly connected to the Ring 1, and the other one is connected to the CH 2 group in the side chain of Ring 2. The asymmetric stretching mode of methyl group is expected to be around 2980 cm À1 and symmetric stretching at 2870 cm À1 [36, 37] . In 2 0 -NOHQ, the modes appearing at 2997, 2825 and 2790 cm À1 are assigned to CH 3 anti-symmetric stretching modes. (13) 
Thermodynamic properties
Thermal properties such as thermal diffusivities, specific heat capacities etc. of octahydroquinolindiones are crucially important from the viewpoint not only of fundamental aspects for academia but also of various processing and applications of the octahydroquinolindiones. On the basis of vibrational analysis and statistical thermodynamics, the standard thermodynamic functions: heat capacity (C°p ,m ), entropy (S°m) and enthalpy (H°m) were obtained and listed in Table 3 . As observed from Table 3 , values of heat capacity, entropy and enthalpy increase with the increase of temperature from 100 to 500 K which is attributed to the enhancement of molecular vibration with increase in the temperature.
The correlation between these thermodynamic properties and temperatures T are shown in Fig. 10 . The correlation equations for octahydroquinolindiones are as follows: These equations could be used for the further studies on the title compound. For instance, when the interaction of octahydroquinolindiones with any other compound is studied, these thermodynamic properties could be obtained from the above equations and then can be used to calculate the change in Gibbs free energy of the reaction, which will in turn help to judge the spontaneity of the reaction. 
Conclusions
Vibrational, electronic, NMR, reactivity and structural aspects of 2 0 -NOHQ and its isomer 3 0 -NOHQ were studied in detail based on B3LYP/6-311++G (d,p) method, and the results were compared with the experimental results. A detailed normal coordinate analysis of all the normal modes along with PED assignment has been made indicating the composition of each normal mode. Comparison between the calculated and experimental vibrational frequencies indicate that the results are in good agreement with experimental values. The 13 C and 1 H NMR spectra of the compounds were recorded, assignment of the chemical shifts were done for calculated and experimental values. The thermodynamic properties of the title compounds at different temperatures were calculated, and the correlations between C°p ,m , S°m, H°m and temperatures have also been given for both the compounds.
